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SUMMARY 

A technology program f o r  a compact f a s t  r e a c t o r  f o r  space power i s  i n  
p rogres s  a t  L e w i s  Research Center. This paper p r e s e n t s  program scope 
and o b j e c t i v e s  and in t roduces  t h e  r e a c t o r  concept used t o  focus t h e  
program. Reactor performance goa l s  are: l i f e  - 50,000 hours,  coolant  
o u t l e t  temperature - 1220 K ,  thermal power - 2 Mw. 

A f a s t  r e a c t o r  i s  smaller than  a thermal r e a c t o r ,  reduces s h i e l d  weight,  
and al lows use of r e f r a c t o r y  metal s t r u c t u r a l  material, The design con- 
cept  i s  aimed a t  high r e l i a b i l i t y ,  reasonable dependence on advances i n  
technology, growth p o t e n t i a l  i n  temperature and l i f e ,  and f l e x i b i l i t y  i n  
s i z e .  

Ceramic UN is  t h e  primary f u e l  candidate  (U02 and UC were considered) 
because of high uranium con ten t ,  thermal conduct ivi ty  and melt ing p o i n t .  
Performance d a t a  f o r  UN a t  temperatures and burnups of i n t e r e s t  are 
a v a i l a b l e .  Lithium coolant  w a s  chosen because of supe r io r  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  and high temperature p o t e n t i a l .  Tantalum a l l o y ,  T-111,  
i s  a s t r o n g  d u c t i l e  and r e l a t i v e l y  e a s i l y  f a b r i c a b l e  r e f r a c t o r y .  It i s  
t h e  reference s t r u c t u r a l  material with Nb-1Zr as back-up. 
i s  t h e  p r e f e r r e d  method f o r  c o n t r o l l i n g  t h e  r e a c t o r .  It i s  f l e x i b l e  and 
r e q u i r e s  a minimum of new material technology. Data f o r  cermet bear ing 
materials operat ing i n  l i q u i d  metals e x i s t .  The seal required with mov- 
i n g  f u e l  is  t h e  s u b j e c t  of one phase of our program. 
c o n t r o l  i s  B4C i n  p a s s i v e l y  cooled rods.  Unknown behavior of B4C and 
p o s s i b l e  requirement f o r  high e m i s s i v i t y  coa t ings  are nega t ive  a spec t s  
of t h i s  approach. 

Moving f u e l  

An alternative 

The r e fe rence  design con ta ins  247, 1.90 cm diameter,  f u e l  p i n s  with a 
f u e l  l eng th  of 37.6 cm. The f u e l  elements w e r e  designed f o r  < 1 percen t  
d i ame t ra l  growth using app l i cab le  a n a l y t i c a l  techniques.  S a l i e n t  fea-  
t u r e s  of t he  design shown inc lude  s t a t i o n a r y  co re  f u e l  elements, 6 rota-  
t i n g  drums containing f u e l ,  molybdenum a l l o y  (TZM) r e f l e c t o r s ,  and a 
honeycomb f u e l  element support  s t r u c t u r e .  This c o n s i s t s  of t h in .wa l l ed  
T-111 tubes bundled and welded along l i n e s  of con tac t  by procedures re- 
c e n t l y  developed. It supports  t h e  elements, l i m i t s  t h e i r  bowing and 
provides  an annular  flow passage around each element. 
s u l t s  i n  low ho t  s p o t  f a c t o r s  a t  some s a c r i f i c e  i n  core  s i z e .  Lithium 
flows through t h e  entire p res su re  vessel i n  one pass  w i t h  a AT of 
55.3 K. The cermet'drum bearings are mounted i n  p re s su re  vessel nozzles .  
Lithium i s  sea l ed  i n  t h e  drum d r i v e  t r a i n  by a n u t a t i n g  rod device in -  
corporat ing a f l e x i n g  bellows. 
scram sp r ing ,  l a t c h i n g  devices ,  harmonic d r i v e  and s tepping motor. 

This approach re- 

The dry p o r t i o n  of t h e  d r i v e  inc ludes  

Dynamic a n a l y s i s  of a system using t h i s  r e a c t o r  with Brayton power con- 
v e r s i o n  i n d i c a t e s  slow, s t a b l e  response t o  p e r t u r b a t i o n s  i n  r e a c t i v i t y  
and flow rate  of coolant  and working f l u i d .  I n v e s t i g a t i o n  of t y p i c a l  
malfunctions show t h a t  l o s s  of coolant  i s  t h e  only one posing a s e r i o u s  
problem. Prompt c r i t i c a l i t y  can be avoided by l i m i t i n g  drum r e a c t i v i t y  
i n s e r t i o n  rates t o  8 cen t s / sec .  
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INTRODUCTION 

A technology program f o r  a compact f a s t  r e a c t o r  f o r  space power i s '  
being c a r r i e d  o u t  a t  L e w i s  Research Center. The t h r u s t  of t h e  program 
is  t o  i d e n t i f y  gene ra l  problem areas as soc ia t ed  wi th  t h i s  type of reac- 
t o r  and t o  undertake a n a l y t i c a l  and experimental  i n v e s t i g a t i o n s  l ead ing  
t o  development of des igns ,  procedures,  and techniques t h a t  w i l l  provide 
s a t i s f a c t o r y  s o l u t i o n s .  An evolving r e a c t o r  concept serves t o  focus 
our technology program. This concept i nco rpora t e s  on a cu r ren t  b a s i s  
i deas  of t he  b e s t  approach t o  such a r e a c t o r .  This paper p r e s e n t s  t h e  
scope and o b j e c t i v e s  of t h e  technology program and introduces t h e  r e f e r -  
ence r e a c t o r  concept 

A f a s t  r e a c t o r  w a s  chosen r a t h e r  than a thermal r e a c t o r  because i t  
reduces s i z e  and s h i e l d  weight (Ref. 1). It a l s o  has t h e  advantage of 
t h e  use  of r e f r a c t o r y  metal s t r u c t u r a l  material. The p r i n c i p a l  disad- 
vantages l i e  i n  s e n s i t i v i t y  t o  f u e l  element motion, c o n t r o l  l i m i t a t i o n s ,  
and t h e  consequences of a l o s s  of coolant acc iden t .  

The r e a c t o r  performance goa l s  have been e s t a b l i s h e d  as follows: 

L i f e  50,000 hours 
Coolant o u t l e t  temperature 1220 K(1740' F) 
Thermal power ... 2 M w  

The a d d i t i o n a l  c r i te r ia  f o r  t h e  concept incl'ude high r e l i a b i l i t y  w i t h  
reasonable  dependence on advances i n  technology. Reactor concepts some- 
t i m e s  f a i l  t o  reach f r u i t i o n  because they are p red ica t ed  on quantum 
s t e p s  i n  technology. 
a c t o r  concept is  t h a t  i t s  s a l i e n t  f e a t u r e s  w i l l  s t i l l  be v a l i d  and 
a p p l i c a b l e  f o r  d i f f e r e n t  ope ra t ing  requirements such as temperature,  
power and l i f e .  
r e a c t o r  concept e 

On t h e  o the r  hand, one g o a l  of t h e  r e fe rence  re- 

Growth p o t e n t i a l  then is  an important c r i t e r i o n  i n  t h e  

Once the  g e n e r i c  problems inhe ren t  i n  t h i s  type of r e a c t o r  were 
uncovered by design s t u d i e s ,  i n v e s t i g a t i v e  programs were e s t a b l i s h e d  t o  
explore  these  problems. Areas of primary concern inc lude -ma te r i a l s ;  
f u e l  element and core support  s t r u c t u r e ,  r e a c t o r  physics  and r e a c t o r  
c o n t r o l .  Materials work inc ludes  compatabi l i ty ,  mechanical p r o p e r t i e s  
be fo re  and a f t e r  i r r a d i a t i o n ,  and processing. Fuel element i nves t iga -  
t i o n s  cover a n a l y s i s  of swel l ing,  i n p i l e  t e s t i n g ,  and 'environmental 
t e s t i n g .  Reactor physics  e f f o r t  has included c r i t i c a l  assembly expezi- .  
ments, c ros s  s e c t i o n  measurements and r e a c t o r  modeling. I n  t h e  area of 
r e a c t o r  c o n t r o l ,  dynamic a n a l y s i s  is  being c a r r i e d  out  t o  e s t a b l i s h  
c o n t r o l  component requirements and b a s i c  components are being b u i l t  and 
t e s t e d .  
t h e  c o n t r o l  system work. 

Sa fe ty  s t u d i e s  are a l s o  being c a r r i e d  on i n  conjunction wi th  
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The remainder of t h i s  paper w i l l  d e a l  w i th  a d e s c r i p t i o n  of t h e  
r e f e r e n c e  r e a c t o r  and a d i scuss ion  of some of t h e  work done i n  t h e  non- 
nuc lea r  areas. (Refs. 2 and 3 d i scuss  o t h e r  areas of t h e  program.) I n  
a s p e c t s  where considerable  unce r t a in ty  e x i s t s  about s u c c e s s f u l  opera- 
t i o n ,  a l t e r n a t i v e s  have been generated and a s s o c i a t e d  technology i s  in -  
cluded i n  t h e  program. These a l t e r n a t i v e s  w i l l  a l s o  be  discussed. 

DISCUSSION OF CONCEPT 

A. S e l e c t i o n  of Fuel ,  Coolant, and S t r u c t u r a l  Materials 

The f i e l d  o f  f u e l ,  coo lan t ,  and s t r u c t u r a l  material candidates-was 
n e c e s s a r i l y  l i m i t e d  because of t h e  high temperature and the  d e s i r e  t o  
minimize r e a c t o r  s i z e .  Therefore ,  p r i o r i t y  w a s  given t o  high s t r e n g t h  
r e f r a c t o r y  materials. The f u e l  candidates  w e r e  r e s t r i c t e d  t o  ceramics 
(UN, U02 and UC), t h e  coolants  considered were l i q u i d  metals ( L i ,  N a y  

K ,  NaK), and t h e  s t r u c t u r a l  materials were l i m i t e d  t o  t h e  r e f r a c t o r y  
metals ( a l l o y s  of T a ,  W ,  Mo, and Nb). A comparison of some of t h e  im-  
p o r t a n t  c h a r a c t e r i s t i c s  of t h e  f u e l  and coolant  candidates i s  presented 
i n  Table I. Uranium mononitride w a s  s e l e c t e d  as t h e  primary f u e l  candi- 
d a t e  because of i t s  high uranium content ,  high thermal conduc t iv i ty ,  and 
high melt ing p o i n t .  UN con ta ins  about 40 percent  more f i s s i o n a b l e  m a t e -  
r i a l  pe r  u n i t  volume than U02 and about 5 pe rcen t  more f i s s i o n a b l e  mate-. 
r i a l  p e r  u n i t  volume than UC.  
i n  a smaller c r i t i ca l  r e a c t o r  configurat ion.  The thermal conduc t iv i ty  
of UN i s  about cen t i m e s  b e t t e r  than IiOz and about 4 percen t  b e t t e r  than 
i n  UC. The me l t ing  p o i n t  of UN i s  several hundred degrees h ighe r  than 
UC. Fuel  swel l ing w a s  recognized as a p o t e n t i a l  problem area f o r  a l l  
f u e l  candidates .  However, some i r r a d i a t i o n  performance da ta  f o r  UN a t  
temperatures and burnups of i n t e r e s t  are a v a i l a b l e  (Ref. 4 ) .  These d a t a  
i n d i c a t e  t h a t  t h e  f u e l  volume swell ing under t h e s e  temperature and burn- 
up condi t ions i s reasonable .  

The higher  uranium content of UN r e s u l t s  

Work on t h e  f a b r i c a t i o n  of high p u r i t y  UN f u e l  forms has been car- 
r i e d  out  a t  Oak Ridge Nat ional  Laborator ies  (Ref, 5 ) .  Cyl inders ,  b o t h .  
hollow and s o l i d ,  have been r o u t i n e l y  produced by i s o s t a t i c  p re s s ing  
and s i n t e r i n g  a f i n e  powder of UN. 

Lithium w a s  s e l e c t e d  as t h e  primary coolant  candidate  because.of 
i t s  low vapor p re s su re ,  high s p e c i f i c  h e a t ,  low pumping power zequim-  
ments, and high h e a t  t r a n s f e r  c o e f f i c i e n t ( R e f .  6 ) .  The low vapor pressure  
allows lower ope ra t ing  p res su res  i n  t h e  system r e s u l t i n g  i n  g r e a t e r  
r e l i a b i l i t y  and r e a c t o r  growth p o t e n t i a l .  
l i t h i u m  allows maintenance of a given coolant  tempebature rise with a 
lower coolant f low, lower p re s su re  l o s s  and lower pumping power re- 
quirements (a f a c t o r  of 8.5 lower pumping power f o r  l i t h i u m  than 
sodium). A l l  of t h e  l i q u i d  metal coolant candidates  have l a r g e  thermal 

The l a r g e r  s p e c i f i c - h e a t  of 
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c o n d u c t i v i t i e s  r e s u l t i n g  i n  high convective h e a t  t r a n s f e r  c o e f f i c i e n t s .  
However, l i t h i u m  has 15 t o  40 pe rcen t  higher  f i l m  c o e f f i c i e n t  than t h e  
o the r  l i q u i d  metal coo lan t s .  P o t e n t i a l  disadvantages of l i q u i d  metals 
considered f o r  coo lan t s  are t h e i r  t o x i c i t y  and chemical a c t i v i t y .  The 
Li-7 i s o t o p e  must be  used t o  o b t a i n  a nega t ive  temperature c o e f f i c i e n t  
of r e a c t i v i t y  and t o  minimize t h e  production of gaseous decay products.  
Lithium containing 99.99 pe rcen t  Li-7 can be obtained f o r  about $1.00 
p e r  gm. The r e a c t o r  loop w i l l  r e q u i r e  about 30 kg(66.0 lb) of lithium. 

The tantalum a l l o y  T-111 (Ta-8W-2.4 Hf) w a s  s e l e c t e d  as t h e  p r i -  
mary s t r u c t u r a l  material candidate  because of i t s  s t r e n g t h  and d u c t i l -  
i t y  (Ref. 7 ) .  The a l l o y  Nb-1Zr w a s  s e l e c t e d  as an a l t e r n a t e .  Both 
a l l o y s  are d u c t i l e  (e longat ion t o  f a i l u r e  g r e a t e r  than IS%) ,  e a s i l y  
f a b r i c a b l e  relative t o  the  o t h e r  r e f r a c t o r i e s ,  and are compatible wi th  
the  l i t h i u m  coolant  a t  the  temperatures of i n t e r e s t .  However, a pro- 
tective tungsten l i n e r  may be r equ i r ed  between t h e  f u e l  and c l ad  t o  
minimize any chemical r e a c t i o n  between t h e  f u e l  and c l a d ,  
and r u p t u r e  s t r e n g t h s  of T-111 and Nb-1Zr are shown i n  Fig. 1 (Refs. 7 
and 8, r e s p e c t i v e l y )  as a func t ion  of t h e  Larson-Miller Parameter, P. 
The creep and r u p t u r e  s t r e n g t h s  of T-111 a t  ope ra t ing  condi t ions 
(P = 24.7) are 6 and 4-1/2 t i m e s  g r e a t e r  than Nb-1Zr. 
t h e  T-111 a l l o y  o f f e r s  g r e a t e r  growth p o t e n t i a l  ( increased ope ra t ing  
temperature o r  longer  l i f e ) .  A p o t e n t i a l  disadvantage of '11-111 is  i t s  
a f f i n i t y  f o r  i m p u r i t i e s  such as hydrogen and oxygen which cause embrit- 
t lement and l o s s  of r u p t u r e  s t r e n g t h .  These c h a r a c t e r i s t i c s  of T - 1 1 1  
are being i n v e s t i g a t e d  and t h e  program i s  discussed i n  Ref. 2. 

The creep 

Because of t h i s ,  

B. S e l e c t i o n  of Control System 

Several  methods of c o n t r o l l i n g  t h e  r e a c t o r  were i n v e s t i g a t e d  and 
are discussed i n  Ref. 3,  A moving f u e l  concept ( fueled c o n t r o l  drum) 
w a s  s e l e c t e d  as t h e  primary method of c o n t r o l  because i t  al lows t h e . .  . .  , 
smallest r e a c t o r  f o r  t h e  s p e c i f i e d  design condi t ions.  However, spec- 
i a l  problems are encountered wi th  t h i s  concept. 
r e a c t o r  power i s  generated i n  movable c o n t r o l  drums (see Fig.  2), they 
must be cooled wi th  r e a c t o r  coo lan t .  This means t h a t  high temperature,  . 

l i t h i u m  l u b r i c a t e d  bea r ings  must be s e l e c t e d ,  and a moving l i thium-to- 
vacuum seal  must be designed. 

Because much of t h e  

C.  S e l e c t i o n  of Bearing Material 

There has  been considerable  work done on bea r ings  ope ra t ing  i n  
high temperature l i q u i d  metals. Refs. 9 and 10 r e p o r t  s a t i s f a c t o r y . b e -  
hav io r  i n  l i q u i d  sodium and l i q u i d  potassium t o  temperatures of 1144 K 
(1600O F) .  These r e s u l t s  i n d i c a t e  t h a t  very hard materials are re- 
quired.  
of chemical s t a b i l i t y .  

The reactive l i t h i u m  environment would r e q u i r e  a h i g h  degree 
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Bearing material candidates  considered f o r  t h i s  r e a c t o r  concept are 
t h e  r e f r a c t o r y  ceramics HfN, HfC, Z r C ,  Z r N ,  NbC and TaC wi th  molybdenum 
o r  tungsten bond. Chemical s t a b i l i t y  t e s t i n g  of cermets containing vari- 
ous combination of t h e s e  materials is  p r e s e n t l y  being c a r r i e d  ou t  and i s  
b r i e f l y  discussed i n  Ref. 2. Based on e a r l y  r e s u l t s  and on f a b r i x a t i o n  
experience,  d e n s i t y ,  g r a i n  s i z e ,  d i s t r i b u t i o n  of  metal bond and o t h e r  
f a c t o r s ,  HfC + 8w/o M 
da t e .  HfN + 10  w/o W i s  considered as a back-up. Bearings of t h e s e  
materials are being made and w i l l  be t e s t e d .  

+ 2w/o NbC appears t o  be t h e  most promising candi- 

D. S e l e c t i o n  of P e n e t r a t i o n  Device 

Another area which must be  examined when consider ing a moving f u e l  
c o n t r o l  concept i s  t h e  p e n e t r a t i o n  through t h e  p re s su re  v e s s e l  r equ i r ed  
i n  t h e  drum d r i v e  system. These p e n e t r a t i o n s  must form an h e m e t i c  seal 
f o r  t h e  r e a c t o r  coolant .  One device.which w i l l  provide t h e  r equ i r ed  
movement and seal i s  a n u t a t i n g  rod concept w i th  f l e x i n g  bellows forming 
t h e  seal. Some d e t a i l s  w i l l  be given later.  

The c y c l i c  l i f e  of bellows is  o f t e n  d i f f i c u l t  t o  p r e d i c t .  In  this  
a p p l i c a t i o n  t h e  problem i s  f u r t h e r  complicated by t h e  ope ra t ing  tempera- 
t u r e ,  t h e  presence of l i t h i u m  and creep r e s u l t i n g  from long hold t i m e s  
i n  t h e  f l exed  p o s i t i o n .  It is  planned t o  make t h e  bellows of T-111 
shee t .  Ana ly t i ca l  p r e d i c t i o n s  of c y c l i c . l i f e  t ak ing  creep i n t o  account 
have been made and f a t i g u e  tests of s h e e t  material are i n  progress .  
Short  hold t i m e  tests t o  date i n d i c a t e  g r e a t e r  than p red ic t ed  l i f e .  

Prel iminary forming t r i a l s  of T-111 bellows were success fu l .  
ment f o r  t h e  t e s t i n g  of bea r ings  and bellows a t  e l eva ted  temperature i n  
l i t h i u m  i s  being f a b r i c a t e d .  

Equip- 

DESCRIPTION OF REACTOR 

The r e fe rence  r e a c t o r  conf igu ra t ion  is  shown i n  Fig.  2 and some of 
i t s  important c h a r a c t e r i s t i c s  are l i s t e d  i n  Table 11. The components 
i nc lude  f u e l  elements,  core  support  s t r u c t u r e ,  end and s i d e  TZM 
(Mo-0.5Ti-O.1Zr) r e f l e c t o r s ,  c o n t r o l  drums, and pene t r a t ion  devices.  
A l l  are enclosed i n  a p res su re  vessel which i s  about 57.7 cm (22.7 i n . )  
i n  diameter and 68.5 cm (27 i n )  long o v e r a l l .  The l i t h i u m  coolant  flows 
through t h e  vessel i n  one pass  cooling a l l  t h e  components. 

A. Mechaniaal Components 

The 247 f u e l  elements are 1 - 9 0  cm (0.75 i n . )  i n  diameter w i t h . a  
c l ad  th i ckness  of 0.147 c m  (0.058 i n . ) ,  see Fig.  3. The f u e l  l eng th  i s .  
37.6 cm (14.8 i n . )  and a 0.013 cm (5 m i l )  tungsten b a r r i e r  i s  provided 
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between t h e  f u e l  and c l ad  t o  prevent p o s s i b l e  i n t e r a c t i o n .  
suppressors  are loca ted  a t  each end of t h e  f u e l  p i n ,  These are designed 
t o  reduce axial  c l ea rance  between f u e l  and c l a d  s o  t h a t  launch v i b r a t i o n s  
can be  t o l e r a t e d  and t o  buckle when t h e  f u e l  expands due t o  temperature 
and burn-up. These end spaces w i l l  accommodate f u e l  swel l ing and re- 
l eased  f i s s i o n  gas.  The f u e l  p e l l e t s  are hollow and t h e  c e n t r a l  h o l e  
serves t h i s  same func t ion  of providing space f o r  f u e l  swel l ing and gas 
release. Fuel p e l l e t s  were subjected t o  t y p i c a l  launch v i b r a t i o n  en- 
vironments t o  check t h e  e f f e c t s  on p e l l e t  cracking of d i ame t ra l  and a x i a l  
c l ea rance  with t h e  c l ad .  Re la t ive ly  l a r g e  d i ame t ra l  gaps could be  t o l e r -  
a t e d  b u t  t h e  axial  gap w a s  q u i t e  c r i t i ca l .  T e s t s  a l s o  i n d i c a t e  t h a t  t h e  
buckling a c t i o n  of t h e  suppressor  under v i b r a t i o n  is  a l s o  s e n s i t i v e  t o  
a x i a l  c learance.  

V ib ra t ion  

One hundred and e i g h t y  oneof t h e  f u e l  elements are s t a t i o n a r y  and 
are h e l d  by t h e  co re  support  s t r u c t u r e  i d e n t i f i e d  i n  Fig.  2. It c o n s i s t s  
of a c e n t r a l  star-shaped assembly of t h i n  tubes and a r e in fo rced  f l a n g e  
j o i n i n g  t h e  tubes t o  t h e  p re s su re  vessel. I ts  main func t ion  is  t o  l o c a t e  
t h e  f u e l  p i n s  a x i a l l y  and r a d i a l l y  and t o  l i m i t  f u e l  p i n  bowing. It a l s o  
provides an annular  coolant  passage around each f u e l  p in .  
trates how t h e s e  func t ions  are performed and shows a p o r t i o n  of t h e  honey- 
comb tube s t r u c t u r e .  The tubes are T-111, 2.160 cm (0.850 i n . )  o u t s i d e  
diameter: and have a 0.025 cm (10 m i l )  w a l l .  The tubes are j o i n e d  t o  each 
o t h e r  by welding along t h e i r  l i n e s  of con tac t .  The r e s u l t  i s  a very s t i f f  
s t r u c t u r e  f o r  ca r ry ing  axial  loads  and r e s i s t i n g  thermal d i s t o r t i o n .  A 
bayonet j o i n t  i n  a p l a t e  welded t o  one end of t h e  tube c l u s t e r  provides 
axial  support  f o r  each f u e l  element. 
end of t h e  tubes prevents  element r o t a t i o n  bu t  allows axial  growth. 

Eig.  4 i l l u s -  

A iocking device a t  t h e  oppos i t e  

Each tube has  f i v e  i n t e r n a l  r i n g s  o r  i n s e r t s  approximately equa l ly  
spaced along i t s  l eng th .  Each i n s e r t  con ta ins  t h r e e  i n t e r n a l  p r o j e c t i o n s ,  
formed and f i l l e d  w i t h  weld metal. They are f i n i s h  machined a f t e r  weld- 
ing of t h e  e n t i r e  assembly i s  complete. The two sets of p r o j e c t i o n s  a t  
t h e  end of t h e  tubes engage c l o s e l y  machined diameters on t h e  f u e l  ele- 
ment end caps thereby providing r a d i a l  l o c a t i o n .  No d i ame t ra l  growth of 
t h e  f u e l  element should occur a t  t h e s e  l o c a t i o n s .  The t h r e e  i n t e r i o r  
sets of p r o j e c t i o n s  on t h e  tubes are machined f o r  c l ea rance  w i t h  t h e  
element c l ad  t o  a l low f o r  expected growth. They do, however, l i m i t  f u e l  
p i n  bowing t o  t h i s  c learance a t  beginning of l i f e  and t o  p rogres s ive ly  
smaller amounts as c l a d  growth occurs.  Bowing l i m i t a t i o n  i s  important 
f o r  reducing r e a c t i v i t y  changes due t o  s h i f t i n g  f u e l  and f o r  s t a b i l i z -  
i ng  t h e  geometry of t h e  annular  flow passage between each f u e l  element 
and t h e  honeycomb tube. Flow through t h e  t r i f l u t e s  of t h e  honeycomb 
i s  kept low by o r i f i c e  holes  i n  t h e  end p l a t e .  

F a b r i c a t i o n  s t u d i e s  f o r  t h e  honeycomb support  s t r u c t u r e  are under- 
way and e a r l y  r e s u l t s  are r epor t ed  i n  Ref. 11. Success has been achieved 
i n  making tube-to-tube and tube-to-end p l a t e  j o i n t s  using tungsten i n e r t  



gas  welding. 
t o - i n s e r t  j o i n t s .  
d i s t o r t i o n  due t o  tube-to-tube welds. 

E lec t ron  beam welding has  been success fu l ly  used f o r  tube- 
Work i s  p r e s e n t l y  concentrat ing on reducing r a d i a l  

Outside the  tube c l u s t e r  p o r t i o n  of t h e  core  support  s t r u c t u r e  are 
the  s i d e  r e f l e c t o r  p i eces  and s i x  con t ro l  drums as shown i n  Fig. 2. The 
main p o r t i o n  of  each drum i s  molybdenwn a l l o y  TZM l i k e  the  r e f l e c t o r s .  
Each drum a l s o  holds  11 f u e l  elements and a reg ion  of T - l l l  which acts 
as a neutron absorber .  I n  t h e  shut-down p o s i t i o n  the  T-111 i s  ad jacent  
t o  the  core  as t h e  drum i s  r o t a t e d  f u e l  r ep laces  absorber  next  t o  t h e  
core and r e a c t i v i t y  i s  increased .  The drum r o t a t e s  through 180°. 

The drum s h a f t  r i d e s  i n  two cermet bea r ings  designed t o  accommodate 
misalignment and one t akes  t h r u s t .  Each i s  l o c a t e d  i n  a nozzle ex tens ion  
on the  pressure  v e s s e l  heads. This  would permit reducing bear ing  temper- 
a t u r e  wi th  a small subcooled l i t h i u m  flow loop  should t h a t  become neces- 
sa ry .  A vane type hydraul ic  dashpot using l i t h i u m  coolant  as the  f l u id  
i s  included t o  dece le ra t e  t h e  drum a t  the  end of scram. 

The pene t r a t ion  device shown i s  a v a r i a t i o n  of a nu ta t ing  rod type 
of device commonly used t o  t r ansmi t  r o t a r y  motion through a s e a l  pro- 
vided by a bellows. The bellows i s  requi red  t o  bend i n  a r o t a t i n g  plane 
but  does not r o t a t e  about i t s  a x i s  as the  motion i s  t ransmi t ted .  This 
design uses  two bellows f o r  redundancy. There a r e  s e v e r a l  bear ings  i n  
t h i s  device.  Those opera t ing  i n  l i t h i u m  a r e  cermets l i k e  the  drum s h a f t  
bear ings.  
developed f o r  t he  SNAP-8, ZrH,  r e a c t o r .  

Those ou t s ide  the  s e a l  a r e  graphite-A1205 s i m i l a r  t o  those 

B. F l u i d  Flow and Heat Transfer  

Typical  h e a t  t r a n s f e r  and f l u i d  flow c h a r a c t e r i s t i c s  f o r  t he  refer- 
ence r e a c t o r  a r e  summarized i n  Table 11. The r e a c t o r  i s  cooled i n  a 
s i n g l e  pass  wi th  a flow of 9 . 4  kg/sec (20.7 l b / s e c )  of l i q u i d  l i th ium.  
About 10 percent  of t h i s  cools the  s ide  r e f l e c t o r  ( see  Fig.  2 )  and about 
6 percent  i s  d i s t r i b u t e d  among the  t r i f lu tes  ( see  Fig. 4) t o  prevent  s t ag -  
nant l i t h i u m  from c o l l e c t i n g  i n  these  regions.  The remaining 84 percent  
of t he  coolant  i s  equa l ly  d i s t r i b u t e d  (wi th in  1%) among the  247 f u e l  p ins .  
The coolan t  flows through an annular  passage (equiva len t  diameter = 0.10 ern 
(40 m i l ) )  between t h e  honeycomb tube and t h e  f u e l  p in  a t  a v e l o c i t y  of  
115 cm/sec (3.8 f t / s e c )  . 
plenum i s  about 0 . 7  N/cm2 (1.0 p s i ) .  The minimum pressure  and l i t h i u m  
s a t u r a t i o n  temperature a r e  13.8 N/cm2 (20 p s i ) ,  1650 K, (2510' F) respec-  
t i v e l y .  A f u l l  s c a l e  hydraul ic  model of a f u e l  p i n  and honeycomb tube 
using water a s  a f l u i d  has been f a b r i c a t e d  and t e s t e d .  T o t a l  measured 
pressure  l o s s e s  agreed wi th in  10 percent  of t h e  c a l c u l a t e d  va lues .  

The i r r e v e r s i b l e  p re s su re  l o s s  from plenwn-to- 

Some degree of radial power t a i l o r i n g  i s  incorpora ted  t o  make f u e l  
swel l ing  somewhat uniform. Three r a d i a l  fue l  zones having p rogres s ive ly  
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h igher  f u e l  conten ts  a r e  obtained by reducing t h e  s i z e  of t h e  hole i n  
t h e  cen te r  of t he  f u e l  p e l l e t s  which a re  f u r t h e r  from the  cen te r  of t h e  
r e a c t o r .  The r e s u l t i n g  r a d i a l  and a x i a l  power f a c t o r s  (not  c r i t i c a l )  
a r e  1.33 and 1 . 2 3 ,  r e spec t ive ly .  The averagf! hea t  f l u x  i n  t h e  r e a c t o r  
i s  39 w/cm2 ( 1 . 2 4 ~ 1 0 ~  B t u / ( h r ) ( f t 2 ) ) .  
t he  c r i t i c a l  Pkc le t  (300) f o r  annuli (Ref. 1 2 ) .  The average convective 
f i l m  c o e f f i c i e n t  ca l cu la t ed  using Dwyer' s c o r r e l a t i o n  f o r  annu l i  (Ref.  13) 
i s  about 1 7  w/cm2 ( 3 . 0 0 ~ 1 0 ~  Btu/(hr)  ( f t2 )  (OF). A t y p i c a l  f u e l  p i n  axial 
temperature d i s t r i b u t i o n  i s  shown i n  Fig. 5. Because of t he  l a r g e  con- 
vec t ive  f i l m  c o e f f i c i e n t  and e x c e l l e n t  conduct iv i ty  of the  T-111 c lad,  
the  c l a d  temperature i s  nea r ly  equal  t o  the  coolant  temperature.  There- 
f o r e ,  the maximum c l a d  temperature (1250 K) (1790' F ) )  occurs a t  t h e  
coolant  o u t l e t  end of the  r e a c t o r  while t h e  maximum f u e l  temperature 
occurs between the  midplane and t h e  coolant  o u t l e t  end. The maximum f u e l  
temperature excluding hot  spot  f a c t o r s  i s  1370 K (2005O F) .  An es t imated  
hot  spot  f a c t o r  of 1 .4  inc reases  the  maximum f u e l  temperature t o  1450 K 
(21500 F).  The. primary contk ibutor  t o  t h i s  ho t  spot  . f a c t o r  i s  the un- 
c e r t a i n t y  i n  t h e  i n i t i a l  s i z e  of t he  gap between the  f u e l  and c lad .  

The Pec le t  number (70) i s  we l l  below 

C. Fuel  Swell ing 

One of t h e  primary concerns i n  the  design of t h e  f u e l  p i n s  f o r  t h i s  
r e a c t o r  i s  the  e x t e n t  of f u e l  swel l ing  and c l a d  creep. A l i m i t  of 1 per-  
cent  was s e t  f o r  c l a d  d iamet ra l  sixain t o  avoid flow pe r tu rba t ions  and 
al low f o r  poss ib le  r a d i a t i o n  embri t t lement .  There are many d i f f e r e n t  
swel l ing mechanisms which have been pos tu l a t ed  r e c e n t l y  and many math- 
emat ica l  models t o  descr ibe  these mechanisms. The two models which have 
been most used a t  Lewis Research Center t o  s tudy t h e  UN, T-111 system 
a r e  based on work done by Lietzke (Ref. 14)  and the  CYGOR-2 program de- 
veloped by Fr i ed r i ck  and Guil inger  (Ref. 15) and l a t e r  modified by Fiero  
(Ref. 1 6 ) .  These models emphasize behavior determined by s t a t i o n a r y  
f i s s i o n  product gas bubbles.  Post  i r r a d i a t i o n  photomicrographs (Ref.  4) 
of UN f u e l  subjec ted  t o  temperatures and burnups comparable t o  those 
a n t i c i p a t e d  i n  the  re ference  r e a c t o r  i nd ica t e  a l a r g e  p o r t i o n  of t he  
f i s s i o n  gases  remain w i t h i n  the  UN g ra ins .  
t o  t he  use of  such models of swel l ing  behavior.  

These da t a  l e n d  confidence 

A t y p i c a l  fue l  swel l ing curve c a l c u l a t e d  using t h e  CYGRO-2 program 
i s  shown i n  Fig.  6. Af t e r  i n i t i a l  s t a r t u p ,  t h e  f u e l  tends  t o  s i n t e r .  
The e x t e n t  of s i n t e r i n g  depends on the  type of f u e l ,  f a b r i c a t i o n  h i s t o r y  
and opera t ing  condi t ions .  Some pre l iminary  s i n t e r i n g  experiments f o r  
about 3000 hours  and 1310 K (1900° F) have been conducted and the  r e s u l t s  
are being analyzed. A s  burnup progresses  s u f f i c i e n t  f i s s i o n  gases  w i l l  be 
generated and the  f u e l  w i l l  swel l  f r e e l y  ( f r e e  swel l ing)  u n t i l  it con tac t s  
t h e  c lad .  
T - l l l ) ,  t h e  c l a d  w i l l  r e s t r a i n  t h e  f u e l  causing a reduct ion  i n  the  f u e l  swel l -  
ing  r a t e  and a r e d i s t r i b u t i o n  of c reep  s t r a i n .  The volumetr ic  swel l ing  and 
c l a d  c reep  s t ra ins  were c a l c u l a t e d  (Ref. 1 7 )  f o r  5 UN f u e l  p i n s  c l a d  with 

If t h e  c l a d  has s u f f i c i e n t  creep s t r e n g t h  (as i n  t h e  case of 
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e i t h e r  T-111 o r  PWC-11 (Nb-1Zr-O.1C) and t h e  r e s u l t s  are shown i n  Fig.  7. 
These f u e l  p i n s  operated a t  temperatures and burnups comparable t o  those  
i n  t h e  r e fe rence  r e a c t o r .  
cu l a t ed  and measured va lues  and t h e  type of c l a d  i s  shown. The calcula-  
t i o n s  tend t o  be conservat ive and ag ree  w i t h  measurements w i t h i n  about 
60 percent .  

The r ec t ang le s  r ep resen t  u n c e r t a i n t i e s  i n  cal-- 

The maximum f u e l  swel l ing i n  each of t he  t h r e e  zones w a s  c a l c u l a t e d  
using t h e  CYGRO-2 program and t h e  r e s u l t s  are summarized i n  Table 111. 
The maximum f u e l  swe l l ing  (11.1%) and burnup (4.2%) occur i n  t h e  c e n t e r  
of t h e  r e a c t o r  (Zone 1) and become p rogres s ive ly  less through Zones I1 
and 111. The maximum d iame t ra l  and axial  creep s t r a i n s ,  however, occur 
i n  Zone 111. Although t h e  f u e l  swel l ing i s  g r e a t e r  i n  Zone 1, t h e  ho le  
i n  t h e  c e n t e r  of t he  f u e l  is  l a r g e r  and t h e  f u e l  s t r u c t u r e  i s  weaker 
allowing the  c l a d  t o  f o r c e  f u e l  i n t o  t h e  c e n t e r  hole .  The r e s u l t  is 
0.17 percent  d i ame t ra l  creep s t r a i n  i n  t h e  c l ad  i n  Zone I relat ive t o  
0.29 percent  i n  Zone 111. I f  i d e a l  f u e l  zoning had been achieved, t h e  
d i ame t ra l  creep s t r a i n s  would be t h e  same i n  a l l  t h r e e  zones. The maxi- 
mum axial  creep s t r a i n  (ALIL) i n  t h e  c l ad  i s  only 0.05 pe rcen t .  Based 
on t h e  c a l c u l a t e d  creep s t r a i n s ,  t h i s  f u e l  p i n  design i s  conservat ive 
because the  m a x i m u m  creep s t r a i n  (0.29%) i s  much less than the 1 percen t  
va lue  allowed as a design l i m i t .  This conse rva t ive  f u e l  p i n  design allows 
f o r  r e a c t o r  growth p o t e n t i a l .  

Ca lcu la t ions  were a l s o  made on the  same f u e l  p ins  c l ad  wi th  Nb-1Zr 
i n s t e a d  of T-111. 
Both t h e  d i ame t ra l  and axial  creep strains i n  the N b - 1 Z r  c l a d  (2.3% and 
4.0%) exceed t h e  1 percen t  s t r a i n  l i m i t .  Therefore,  a t h i c k e r  c l a d  
would b e  r equ i r ed  probably r e s u l t i n g  i n  a l a r g e r  r e a c t o r  conf igu ra t ion  
and a l o s s  i n  design conservatism. 

The m a x i m u m  swel l ing and c l a d  creep occurs i n  Zone I. 

These c a l c u l a t i o n s  a l s o  i l l u s t r a t e  t h e  e f f e c t  of c l ad  creep s t r e n g t h  
on swel l ing.  
by 3 pe rcen t  (14.1% vs 11.1%). 
s t r eng then ing  t h e  c l a d  has  been observed experimental ly  (Ref. 18)  by in-  
c r eas ing  c l ad  th i ckness .  

The s t r o n g e r  T-111 c l ad  suppressed t h e  UN volume swell ing 
The suppression of f u e l  swe l l ing  by 

D. A l t e r n a t e  Control Concept 

A concept which avoids t h e  l i q u i d  m e t a l  l u b r i c a t e d  bear ings as w e l l  
as t h e  p e n e t r a t i o n  device problem of t h e  moving f u e l  c o n t r o l  approach i s  
a l s o  being s tud ied .  It i s  shown i n  Fig. 8. 

I n  t h i s  concept rods containing B4C are pos i t i oned  w i t h i n  the  c o r e  
of t h e  r e a c t o r ,  b u t  no t  i n  con tac t  w i th  t h e  r e a c t o r  coolant .  The rods 
are about 3.757 cm (1.478 i n . )  diameter o v e r a l l  i nc lud ing  c l a d ,  with a 
gap between t h e  rod o u t s i d e  diameter and t h e  i n s i d e  diameter of t h e  dry 
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w e l l  provided f o r  t h e  rods i n  t h e  p re s su re  vessel. A t  t h e  start of l i f e  
t h e  rods extend about a t h i r d  of t h e  way i n t o  t h e  fue l ed  s e c t i o n  of t h e  
core .  
w e l l s .  The i n s i d e  of t h e  w e l l s  and the  rods are exposed t o  space vacuum. 
Graphite-A1203 bear ings can be  used t o  guide t h e  rods.  There are 12 rods 
loca t ed  i n  t h e  core  and each rod r ep laces  7 f u e l  p i n s  s o  t h a t  t h e  co re  
diameter i s  s l i g h t l y  l a r g e r  f o r  t h i s  concept. 

They are cooled by r a d i a t i o n  t o  t h e  l i t h i u m  flowing o u t s i d e  t h e  

Heat t r a n s f e r  analyses  have been made i n  o rde r  t o  e s t a b l i s h  t h e  t e m -  
p e r a t u r e  l e v e l s  i n  and around t h e  B4C rod. 
high e m i s s i v i t y  coa t ings  may be r equ i r ed  on t h e  o u t e r  w a l l  of t h e  B C 
rod and t h e  surrounding w a l l  of t h e  w e l l  i n s i d e  t h e  p re s su re  vessel i n  
order  t o  keep t h e  temperature of t h e  B4C a t  reasonable  levels.  A s  an 
example, f o r  an e m i s s i v i t y  of 0.8 t h e  maximum B4C temperature i s  about 
1330 K (18800 F) ;  f o r  an e m i s s i v i t y  of 0.2 t h e  maximum B4O temperature 
i s  1600 K (2419O F) .  If coatifigs are required t h e i r  compa t ib i l i t y  w i t h  
surrounding s t r u c t u r e  and behavior i n  high r a d i a t i o n  levels must be in-  
v e s t i g a t e d .  Since l i t t l e  i s  p r e s e n t l y  known about B C behavior a t  high 
temperature and f luences ,  a l lowable ope ra t ing  temperatures cannot be  de- 
termined. Further  information r equ i r ed  inc ludes :  

These analyses  i n d i c a t e  t h a t  

4 

4 

1. Compatibi l i ty  with o t h e r  r e a c t o r  materials. 

2. Helium gas release rate.  

3. Swelling 

4. Mechanical p r o p e r t i e s  

The unknown behavior of B4C and t h e  p o s s i b i l i t y  of r equ i r ing  high 
e m i s s i v i t y  coa t ings  are the  primary drawbacks i n  t h i s  a l t e r n a t e  approach 
t o  r e a c t o r  c o n t r o l .  

E. System Dynamics 

Analysis of t h e  dynamic behavior of t h e  primary loop of a space 
power system using t h i s  r e a c t o r  with Brayton conversion equipment has  
been performed (Ref. 1 9 ) .  The t r a n s i e n t  response of t h i s  loop,  with a 
passive r e a c t o r  c o n t r o l  system, t o  changes i n  r e a c t i v i t y ,  coolant  f low 
rate,  and Brayton working f l u i d  flow rate i s  s t a b l e  and h igh ly  damped. 

The response of t h e  r e a c t o r  t o  fou r  malfunctions has a l s o  been in -  
v e s t i g a t e d  (Refs. 20 and 21). Control drum run-in,  decrease i n  coolant  
flow rate ,  decrease i n  coolant  i n l e t  temperature,  and l o s s  of coolant  
acc iden t s  a l l  r e s u l t e d  i n  r e l a t i v e l y  slow thermal response of a r e a c t o r  
with an i n a c t i v e  c o n t r o l  system. The c o n t r o l  drum run-in event a t  cold 
condi t ions i n d i c a t e  t h a t  prompt c r i t i c a l i t y  can be avoided i f  t h e  re- 
a c t i v i t y  i n s e r t i o n  rate of t h e  drum d r i v e  i s  l i m i t e d  t o  8 o r  9 cen t s  
p e r  second. This  l i m i t  seems reasonable i n  view of t h e  i n h e r e n t l y  slow 
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thermal response of t h e  r e a c t o r  t o  pe r tu rba t ions .  
havior  of average midplane f u e l  element temperature as a func t ion  of 
t i m e  a f t e r  flow r a t e  ramps of 1 second dura t ion  t o  va r ious  reduced 
flows. 
t i m e  f o r  t h e  f u e l  temperature t o  reach 1610 K .  (2440O F) the  temyerature a t  
which n i t rogen  r e a c t i o n  w i t h  the  c l ad  m a t e r i a l  may beeome's ignif icant .  
Even longer  r e a c t i o n  t imes r e s u l t e d  from a 20 percent  decrease i n  coolant  
i n l e t  temperature. The l o s s  of coolant  acc iden t  r e s u l t s  i n  i n i t i a l  re- 
a c t o r  shutdown bu t  i s  t h e  most severe one f o r  t h i s  r e a c t o r  because a f t e r -  
heat makes p o s s i b l e  f u e l  mel t ing and subsequent severe excursions.  

Fig.  9 shows t h e  be- 

Even t h e  drop-to-zero-flow acc iden t  r e s u l t s  i n  a 30 second l a p s e  

More s o p h i s t i c a t e d  analyses  of t h i s  acc iden t  have continued taking 
i n t o  account such f a c t o r s  as h e a t  capac i ty  of s h i e l d i n g  and t h e  latest  
r e s u l t s  are shown i n  Fig.  10.  With a s u r f a c e  emis s iv i ty  of 0 .2 ,  t h e  
me l t ing  po in t  of t h e  UN i n  t h e  c e n t r a l  p i n  is  reached s l i g h t l y  over 112 
hour a f t e r  coolant  l o s s  and approximately 27 percent  of t h e  f u e l  i n  t h e  
core  w i l l  reach i t s  melt ing p o i n t  as t i m e  goes on. Although t h i s  in-  
volves  only about enough f u l l y  enr iched uranium t o  i d e a l l y  form a c r i t -  
i c a l  mass, i t  would be  h igh ly  d e s i r a b l e  t o  e l imina te  t h e  p o s s i b i l i t y  of 
any f u e l  melting. There are several p o t e n t i a l  techniques f o r  accom- 
p l i s h i n g  t h i s .  
ments and core support  s t r u c t u r e .  Fig. 11 shows t h a t  a s u r f a c e  e m i s -  
s i v i t y  of 0.4 r e s u l t s  i n  no f u e l  melting. Other methods involve aux- 
i l i a r y  h e a t  s i n k s .  
power a t  times g r e a t e r  than one hour i s  down t o  less than 2 percent  of 
f u l l  power and only a f r a c t i o n  of t h e  co re  i s  involved i n  p o t e n t i a l  
mel t ing.  

One i s  t o  i n c r e a s e  su r face  emis s iv i ty  of t h e  f u e l  ele- 

These could be  of low capac i ty  s i n c e  t h e  r e a c t o r  

CONCLUDING REMARKS 

Progress  t o  d a t e  on t h e  technology program being conducted a t  L e w i s  
Research Center f o r  a compact f a s t  r e a c t o r  f o r  space power i n d i c a t e s  t he  
fol lowing wi th  r e s p e c t  t o  the conceptual design: 

1. The f u e l  element design appears t o  be  conservat ive from the  
standpognt of c l ad  s t r a i n .  

2. S u b s t i t u t i n g  t h e  back-up Nb-1Zr c l a d  d i r e c t l y  f o r  T-111 does 
no t  s a t i s f y  t h e  s t r a i n  c r i t e r i o n .  An i n c r e a s e  i n  thickness  i s  require'd 
which may a f f e c t  core  s i z e  and c l ad  s t r a i n  design margin. 

3 .  The f a b r i c a t i o n  of a honeycomb co re  support  s t r u c t u r e  designed 
t o  l i m i t  f u e l  element bowing appears f e a s i b l e .  

4 .  The h e a t  t r a n s f e r  cond i t ions  are such t h a t  reasonable  per turba-  
t i o n s  i n  coolant  flow rate, f u e l  element geometry and power generat ion 
have small e f f e c t  on f u e l  temperature. 
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5. The moving f u e l  c o n t r o l  concept involves  two major problems; 
high temperature bear ings ope ra t ing  i n  l i t h i u m ,  and high temperature 
bellows seals. 

6. Temperature operat ing l i m i t s  f o r  t h e  B4C i n  t h e  a l t e r n a t e  con- 
t r o l  system must be e s t ab l i shed .  The r e s u l t s  may i n d i c a t e  t h a t  a reli- 
a b l e  high emissive coat ing i s  r equ i r ed  f o r  s a t i s f a c t o r y  operat ion.  

7. The thermal response of t h e  r e a c t o r  t o  va r ious  p e r t u r b a t i o n s  
i n d i c a t e s  no unusual c o n t r o l  system requirements.  

8. The only accident  which poses a p a r t i c u l a r  problem i s  l o s s  of 
coolant .  Some r e l i a b l e  method f o r  coping wi th  t h i s  must be generated.  

These r e s u l t s  are based on information from only a p o r t i o n  of t h e  
planned program. Extensive t e s t i n g  and a n a l y s i s  remains t o  be  com- 
p l e t e d  t o  f u l l y  explore  problems and t h e i r  p o s s i b l e  s o l u t i o n s .  
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TABLE I 

COMPARISON OF FUELS AND COOLANTS 

UN 9 uc - - Fuels 

Uranium density, g-U/cc fuel 13.5 9.67 12.9 

Thermal conductivity, W/cm K 0.24 0.025 0.23 

Melting point, K 

Coolants 

Vapor pressure C! 
N / cm2 ( p s i ) 

3073 3078 2623 

1220 K, 0.3(0.5) 17(25) 28(40) 48(70) 

Specific heat, J/Kg K 4170 1290 1060 833 

Relative pumping power 1.0 8.5 17 42 

Relative convective film 1.0 0.85 0.60 0.65 
coefficient 
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TABLE I1 

COMPACT FAST REACTOR.CHARACTERISTICS 

General 
Reactor power, MW 
Operating life, hr 
Coolant inlet temperature, K 
Average coolant outlet temperature, K 
Number of fuel pins 
Fuel pin diameter, em 
Active core length, em 
Fuel loading, Kg U-235 
Total wefght of reactor 

Reactor Structure 
Material 
Pressure vessel O.D. em 
Pressure vessel wall thickness, em 
Pressure vessel height, cm 
Honeycomb structure tubes - O.D., em 
Honeycomb structure tube wall thickness, cm 

Fuel Pin 
Composition 
U-235 enrichment, % 
Clad material 
Fuel pin O.D., em 
Fuel pin length,  cm 
Clad thickness, em 
Tungsten liner thickness, cm 
Fuel pellet O.D. , em 
Nominal radial fuel-clad gap, cm 
Active fuel length, cm 

Fluid Flow 
Coo 1 ant 
Mass flow, Kg/sec 
Fraction of flow to side reflector 
Fraction of flow to triflutes 
Equivalent diameter of coolant annulus , cm 
Coolant velocity in annulus, cm/sec 
Reynolds number in annulus 
Plenum-to-plenum Ap , N/cm2 
Minimum coolant pressure, N/cm 
Saturation temperature of Li at 13.8 N/cm2, K 

2 

2.17 
50 , 000 
1165 
1222 
247 
1-90 
37.6 
182 
1600 

T-111 
57.7 
0.635 
68.5 
2.16 
0.025 

UN 
93.2 
T-111 
1.90 
43.8 
0.147 
0 013 
1.58 
0.011 
37.6 

Li 
9.4 
0.10 
0.06 
0.102 
115 
4500 
0.7 
13.8 
1650 
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TABLE I1 (continued) 

Heat Transfer  
Radial  power f a c t o r  (beginning of co re  l i f e )  
Axial power f a c t o r  
Average h e a t  f l u x ,  W/cm2 
P e c l e t  number 
Average convective f i l m  c o e f f i c i e n t  , W/cm2 - K 
Maximum c l a d  temperature,  K 
Maximum nominal f u e l  temperature,  K 
Maximum f u e l  temperature (hot  spo t  f a c t o r  = 1 . 4 ) ,  K 

1.33 
1.23 

39 
70 
17 

1250 
1370 
1450 

14 Neutronic Design 
Neutron f l u x  1. O2X1Ol4 
Neutron f l u x  ( f o r  ene rg ie s  > 0.82 ev) 0 . 3 5 ~ 1 0  
Core composition volume f r a c t i o n s  

Zone I I1 I11 Avg 
Fuel  0.355 0.377 0.420 0.385 
Void 0.134 0.112 0.069 0.104 
S t r u c t u r e  + clad 0.259 0.259 0.259 0.259 
Coolant 0.252 0.252 0.252 0.252 

Control System 
Materials 
Number of  c o n t r o l  drums 
Number of  f u e l  p i n s  p e r  drum 
Drum O.D. ,  cm 
Drum l e n g t h ,  cm 
R e a c t i v i t y  worth of drums, pe rcen t  

( a )  Fuel & s t r u c t u r e  expansion 
(b) Coolant expansion 
( c )  Doppler 
(d) Burnup 
(e) Axial f u e l  swel l ing 
( f )  Contingency 
(g) 2-Stuck drum requirement 

T o t a l  

R e f l e c t o r s  
Materials 
Side r e f l e c t o r  t h i ckness ,  c m  
End r e f l e c t o r  t h i ckness ,  cm 

Ak/k 

TZM,T- l l l ,UN 
6 

11 
14.6 

55 

-0.58 
-0.26 
-0.25 
-1 e 47 
-0.95 
-0.61 
-4 0 39 
-8.51 

TZM 
-7.6 
5.08 
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TABLE I11 

MAXIMUM FUEL PIN SWELLING IN 50,000 HOURS 

(CALCULATED WITH CYGRO-2) 

Fuel Clad - 
Zone Fuel ID, Burnup, Clad AV/V, ADID, ALh, 

cm % mat'l. % % % 

I 0.762 4.2 T-111 11.1 0.17 0.03 

I1 0.677 3.7 T-111 8.9 0.23 0.04 

I11 0 e 480 2.6 T-111 4.4 0.29 0.05 

I 0.762 4.2 Nb-1Zr 14.1 2.3 4.0 
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Figure 1. - Creep and rupture properties of T-111 and Nb-1Zr. 
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Figure 2. - Compact fast reactor-reference design. 
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Figure 5. - Temperature d is t r ibut ion in hottest fue l  element. 
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